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Spin currents which allow for a dissipationless transport of information can be gener-
ated by electric fields in semiconductor heterostructures in the presence of a Rashba-
type spin-orbit coupling. The largest Rashba effects occur for electronic surface states
of metals but these cannot exist but under ultrahigh vacuum conditions. Here, we
reveal a giant Rashba effect (αR ≈ 1.5 · 10
−10 eVm) on a surface state of Ir(111). We
demonstrate that its spin splitting and spin polarization remain unaffected when Ir is
covered with graphene. The graphene protection is, in turn, sufficient for the spin-
split surface state to survive in ambient atmosphere. We discuss this result along with
evidences for a topological protection of the surface state.
The Rashba effect in spintronics is based on symmetry
breaking [1]: In the bulk of crystallographically inver-
sion symmetric solids the time reversal symmetry results
in degenerate spin subbands of electronic valence states.
At crystal surfaces or interfaces this structural inversion
symmetry is broken and spin degeneracy is lifted. A gra-
dient of the electric field perpendicular to the surface
will then lead to a Rashba effect in two-dimensional sys-
tems with large spin-orbit coupling [2]. It emerges as a
splitting of the band structure into subbands E±(k‖) of
opposite spin which are displaced by electron wave vec-
tors ±∆k‖ in opposite directions in momentum space.
Regarding the transport properties of the solid and their
applications, this leads to the generation of dissipation-
less spin currents without the necessity for ferromagnetic
materials or magnetic fields [3, 4].
In the quantum mechanical description of a two-
dimensionally confined electron gas, the Rashba effect
is accounted for by the Hamiltonian
HR = αR
(
σx
∂
∂y
− σy
∂
∂x
)
where σ denotes Pauli spin matrices and the parame-
ter αR is proportional to the potential gradient ∇V in
z-direction and accounts for the size of the spin-orbit in-
teraction. For free electrons, the two spin-split bands
E±(k‖) are described by
E±(k‖) =
~
2k‖
2
2m∗
± αR|k‖|,
where m∗ is the effective mass. The two E±(k‖) parabo-
las are shifted relative to the origin Γ (k‖ = 0) by a
momentum splitting ∆k‖ = (m
∗αR)/~
2 .
The Rashba effect has been investigated first and fore-
most for semiconductor heterostructures [2], reaching
Rashba parameters of up to 4 · 10−11 eVm in InAs-based
structures [6]. It has been shown that a Rashba-split sys-
tem leads to an intrinsic spin Hall effect [3, 4]. An electric
field applied along in the two-dimensional interface plane
leads during charge transport to a tilting of the spins in
opposite directions depending on the propagation direc-
tion [3–5]. Spintronics does not require semiconducting
materials because it does not depend on charge currents
and their amplification. Spin currents produced by the
spin Hall effect in all-metal devices are much larger than
in semiconductors [7, 8]. Also, the largest Rashba ef-
fects have been measured for metal surface states which
are localized at the outermost atomic layers of the solid-
vacuum interface. Discovered by Russian theoretician
Igor Tamm in 1932 [9], metal surface states had to wait
for their experimental scrutiny until ultrahigh vacuum
sample environments became available [10]. They are
highly sensitive to adsorbates, and it is hard to conceive
an adsorbate that will leave a surface state unaffected
while protecing it against the influence of air.
The most prominent example of the Rashba effect at
metal surfaces is the L-gap surface state on Au(111) [11,
12]. Spin- and angle-resolved photoelectron spectroscopy
reveals a large spin-orbit splitting (αR = 3.3·10
−11 eVm)
[11]. Rashba-type splittings were also evidenced in Bi
[13] and W(110) covered by monolayers of hydrogen [14],
Li [15] Au, and Ag [16]. Large spin-orbit effects were
recently observed in quantum well states of Au/W(110)
(αR ≈ 1.6 · 10
−11 eVm) [17] and also Pb/Si(111) (αR ≈
4 · 10−12 eVm) [18]. A Rashba effect emerges also in the
linear bands of massless Dirac fermions in graphene on
a Au monolayer [19]. The term giant Rashba effect has
been coined recently for a Rashba parameter αR of the
order of 10−10 eVm for a surface state of Bi/Ag(111) (
αR ≈ 4–6·10
−10 eVm) [20]. For all these states holds that
they cannot exist but in ultrahigh vacuum and, therefore,
have no apparent practical application.
Figures 1 and 2 show the characterization of clean
and graphene-covered Ir samples. Bare Ir(111) shows
a sharp p(1 × 1) pattern in low-energy electron diffrac-
tion (LEED). The LEED image of graphene/Ir(111) (Fig.
1b) reveals a characteristic diffraction pattern with mul-
tiple satellite spots which are due to the formation of
a superstructure of the moire´ type which, in turn, is
2Figure 1. Preparation of epitaxial graphene.(a) LEED
image of bare Ir(111) and (b) of moire´-patterned
graphene/Ir(111). (c) Comparison of 4f core-level spectra
measured from (i) bare Ir(111) and (ii) graphene/Ir(111).
The surface component remains unchanged.
caused by a large misfit (∼10%) between crystal lattices
of graphene and Ir [21]. The high structural quality of
the moire´-patterned graphene is also confirmed by direct
microscopic characterization with scanning tunneling mi-
croscopy [5].
Figure 1c shows the Ir 4f5/2 and 4f7/2 core levels, both
with components originating from inside the bulk and
from the surface. The components at 0.5 eV lower bind-
ing energy are exclusively due to emission from the top-
most atomic layer of Ir(111) [22], and they were shown by
oxygen adsorption to be very sensitive to the local atomic
environment [23]. It is, therefore, remarkable that the
spectra of the Ir4f core level in Fig. 1c cannot be used
as indicator for the presence of graphene on Ir(111). On
the contrary, the formation of graphene on top does not
visibly affect the surface component and line fits show
that the energy splitting between bulk and surface com-
ponents decreases by only 2% [24]. This indicates very
weak graphene-Ir interaction and is in line with the obser-
vation that Ir(111) is a metal substrate that supports the
formation of an ideal quasifreestanding electronic struc-
ture of graphene [27], similar to the substrate Au/Ni(111)
[19].
Figs. 2a and 2b compare the overall valence band
structure of Ir(111) before and after formation of
graphene, respectively. For graphene/Ir(111) (Fig. 2b)
one can see strongly dispersing graphene-derived pi- and
σ-states reaching at Γ binding energies of 8.38 eV and
3.65 eV, respectively. (Note that the pi- and σ-dispersions
are accidentally degenerate with emission from Ir bulk
bands.) The high structural quality of the synthesized
graphene is additionally confirmed by the observation of
a sharp conical dispersion of Dirac fermions at the K-
point [5].
The comparison between Figures 2a and 2b delivers an-
other important message: Apparently, the Ir bands pre-
Figure 2. Overall valence band structure. (a) Bare Ir(111)
and (b) graphene-covered Ir(111) (hν = 62 eV). Spin-orbit
split surface state (SS) is marked with a white frame. (c, d)
normal-emission spectra [corresponding to the Γ-point of the
surface Brillouin zone] extracted from (a) and (b),
respectively. The spectra allow for a quantitative comparison
between intensities of Ir surface state and graphene bands.
serve their overall dispersions and binding energies upon
graphene deposition. This agrees well with the weak in-
teraction between graphene and Ir(111), noted above. In
this context, very intriguing is the band showing up at
0.2–0.3 eV below EF at Γ [the region is marked by a frame
and the dispersion is denoted as SS in Figs. 2a and 2b].
From studies at Γ this band is known to be an Ir(111)
surface state situated at 0.4 eV binding energy above the
bulk L6− point at 1 eV binding energy [25]. The state is
related to the L-gap surface states of Au(111) but in Ir
the bulk bands have a different order so that the surface
state is reversed (i. e., with effective mass m∗ < 0). It is
seen now that this surface state is also clearly split in k‖,
resembling classical Rashba-type spin-orbit split surface
states [11]. The splitting amounts to 2∆k‖ = 0.075 A˚
−1.
The population of this state remains unaffected by the
formation of graphene on Ir(111). This can be seen quan-
titatively in normal-emission (Γ) spectra plotted in Figs.
2c and 2d. We paid attention explicitly to the splitting
sampling the surface-state region with enhanced angular
and energy resolution. The dispersion acquired for bare
Ir(111) is shown in Fig. 3a. Indeed, the electronic state
is composed of two identical parabolic bands shifted by
±0.04 A˚−1 relative to Γ. The binding energy of the top
of the bands is determined as 340 meV. Fig. 3b demon-
strates what happens to the split-state when graphene
3Figure 3. Characterization of the spin-orbit split surface state on Ir(111). Dispersion of surface state on (a) bare Ir(111) and
(b) under graphene grown on Ir(111). (c) Dispersion of surface state under graphene on Ir(111) after exposure to ambient
atmosphere for 15 min. (d) Detailed comparison of spin-orbit splitting ∆ESO(k‖) for bare and graphene-covered Ir(111).
(e–h) Constant energy surfaces of the Ir surface state extracted from full-photoemission mapping around Γ. In agreement
with the Rashba model, two circles are revealed corresponding to opposite directions of spin circulation. (i) Sketch of
spin-orbit splitting and spin-topology of the surface state indicating topological protection. (j–l) Direct proof of spin-splitting
in Ir surface state under graphene by spin-resolved photoemission. Measured spectra correspond to wave-vectors k1, k2 and k3
as denoted in (b). The photon energy was 62 eV.
is grown on top: The only change concerns the binding
energy of the parabolic bands, which decreases by 150
meV to 190 meV. (The different sharpness of the bands
is not a systematic effect.) This is clear evidence that
the split band is a surface state of Ir(111) which persists
under graphene.
Results of a full photoemission mapping of the Ir sur-
face state under graphene are presented in Figs. 3(e-h)
as a sequence of constant energy surfaces cut at bind-
ing energies of 630, 410, 250 and 175 meV. The maps
are fully consistent with the Rashba mechanism of spin-
orbit splitting: For higher binding energies two circles
are observed which correspond to opposite directions of
spin circulation (arrowheads in Fig. 3i). At ∼250 meV,
the inner circle shrinks to a point which is the Kramers
point of spin degeneracy, and for 175 meV binding en-
ergy only one circle is left, which corresponds to the only
direction of spin rotation. This mapping also shows that
two bands that disperse in parallel from the zone centre
as have been obtained from Ir(111) recently [26] can eas-
ily result from a slight misalignment of the experimental
setup.
We have additionally confirmed this Rashba scenario
through direct observation of the spin. Spin-resolved
spectra measured for the emission angles corresponding
to the electron wave vectors k1, k2 and k3 [labels of Fig.
3c] are displayed in Figs. 3j–l. Indeed, the splitting of
the bands is a spin splitting. The splitting ∆ESO is large
for k3 > 0 far from Γ, decreases for k2 closer to Γ, and,
expectedly, reverses for k1 < 0.
We have fitted the surface-state dispersions shown in
Figs. 3a and 3b and investigated how the spin-orbit
splitting ∆ESO behaves with wave-vector k‖ for bare
Ir(111) and for graphene-covered Ir(111). Fig. 3d shows
that in both cases ∆ESO(k‖) is linear, corresponding to
parabolic, free-electron-like bands, and fulfills the crite-
rion ∆ESO(k‖ = 0) = 0 of the Rashba effect. However,
∆ESO suffers a kink at k‖=0.06 A˚
−1. This can be as-
4cribed to the interaction of the surface state with Ir bulk
d-bands in this range because the surface states are par-
tially degenerate with bulk bands [25] and, are therefore
rather surface resonances.
The other surprising information available from Fig.
3d is a quantitative equality of the Rashba splitting ∆ESO
for bare Ir(111) and for graphene/Ir(111). According to
a recent analysis [28] there is a large and universal charge
gradient ∆V at any graphene-metal interface which can
be estimated for graphene/Ir(111) from the work func-
tions of Ir(111), 5.8 eV, and of graphene, 4.5 eV, and
the Fermi-energy shift ∆EF, 0.1 eV, as 1.2 eV. The sur-
face potential has been assigned an important role for
the Rashba effect [12, 14, 15]. Based on Li/W(110) ad-
sorption experiments, the spin-orbit splitting has even
been suggested as local probe of surface potential gra-
dients [15]. Previously, we found no such influence for
Au/W(110) and related systems [17]. Here, the change
in surface potential modifies the binding energy but not
the spin-orbit splitting of the present surface state. The
spin-orbit effect is therefore assigned to the large poten-
tial gradient of nuclear charge of the 77Ir atoms.
Before closing, we want to address the reason for the
robustness of the surface state. Recently, topological sur-
face states have been predicted and observed which are
spin-orbit split and protected by time-reversal symmetry
[29–31], and it is the question whether the presently en-
countered stability of the surface state towards graphene
deposition is related. It was pointed out recently [30] that
the spin-polarized and Rashba-split L-gap surface state
of Au(111) does not fulfil the criterion for topological
protection, which is an odd number of Fermi level cross-
ings between two time-reversal invariant k-points of the
surface Brillouin zone, as occurs with the surface state
identified on Bi2Se3 [30]. Unlike on Au, the present Ir
surface state becomes degenerate with bulk d-bands, and
its tails connect to bulk d bands as seen in Fig 2. We
can demonstrate experimentally that this state connects
L6− and L6+ bulk states of Ir.[5] While it apparently does
not fulfil the criterion for topological insulators of an odd
number of crossings of EF between the two time-reversal
invariant k-points Γ and M, this criterion, if adopted to
the metal Ir, has to consider instead of the Fermi level
a curved line lying between these bulk bands, and such
line is crossed by the surface state in fact only an odd
number of times between Γ and M.[5] A similar situation
has been found for the (111) surface of Sb recently. [31]
Finally, considering the ability of the spin-split surface
state to exist under graphene, we have tested how well
graphene may protect the Ir surface state from the en-
vironment. We have exposed a graphene-covered Ir(111)
sample to ambient atmosphere for 15 min and measured
the dispersion of the surface state right after this. The
result is presented in Fig. 3c. Although a somewhat
stronger background is seen due to remaining adsorbates,
an accurate analysis shows that neither binding energy
nor spin splitting of the surface state are influenced by
the air (Fig. 3d). In a technological context this means
that graphene, weakly interacting with its substrate, can
be considered an ideal capping layer, which on the one
hand protects metallic surfaces from a chemically reac-
tive environment [32], and on the other hand keeps its
electronic and spin structure intact even at the atomic
level of surface electronic states which are most promis-
ing generators of two-dimensional spin currents.
In summary, we have demonstrated (i) a previously
unknown Rashba-type splitting of giant size of a surface
state on Ir(111), (ii) that the surface state survives when
Ir(111) becomes covered with epitaxial graphene while it
changes its binding energy by 150 meV, (iii) that neither
dispersion nor Rashba splitting of the surface state are
influenced by the presence of graphene on top of Ir(111),
(iv) that the spin-dependent band dispersion is consis-
tent with topological protection, (v) and that graphene
protects the surface electronic structure of Ir(111) so well
that the spin-orbit split surface state survives the expo-
sure of the sample to ambient atmosphere.
Methods
For information on experimental methods and sample
characterization please see the Supplementary Informa-
tion [33].
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Methods
Experiments were conducted in ultrahigh vacuum bet-
ter than 1×10−10 mbar. The clean Ir(111) surface was
prepared by cycles of Ar+ sputtering followed by anneal-
ing at 1600 K. The graphene layer was grown epitaxially
by chemical vapour deposition of propene at 1150 K and
a partial pressure of 3×10−8 mbar. Spin- and angle-
resolved photoemission measurements were performed
with electron analysers Scienta R8000 (setup ARPES 12)
and SPECS PHOIBOS 150 using linearly polarized syn-
chrotron radiation from the beamlines UE112-PGM1 and
UE112-lowE-PGM2 at BESSY II. Spin resolution was
done with a Rice University Mott polarimeter operated
at 26 kV [34]. The setup is sensitive to the two spin
quantization axes in the surface plane of the sample, and
Fig. 3j-l shows the spin component tangential to the en-
ergy surfaces which are shown in Fig. 3e-h. Scanning
tunneling microscopy (STM) images were acquired with
an Omicron VT-STM at room temperature.
Sample characterization
Prior to the detailed investigation of bare Ir(111), its
cleanliness was verified by observation of a sharp p(1×1)
pattern in LEED (Fig. 1a) and by the absence of carbon-
derived electronic states in valence-band photoemission.
After covering the Ir with graphene, quality and com-
pleteness of the graphene layer were extensively tested.
The samples have been characterized in situ with LEED
(Fig. 1b) and in a separate setup with STM (Fig. S1a).
The results of LEED and STM are in full agreement with
previous reports [20].
The in situ characterization by ARPES showed typical
features of the moire´ pattern reported in the literature
[27]: The Dirac cone is subject to lateral quantization
by the moire´ superlattice (Fig. S1b). Minigaps (dashes)
appear where umklapp-induced replica bands (white ar-
rows) intersect [27]. The characteristic trigonal symme-
try of the Dirac cone as well as its two-dimensional repli-
cation within the surface Brillouin zone are well seen in
constant binding energy surfaces (Fig. S1c).
Topological nontrivial character of the surface
state - theoretical support
We present here strong indications for a topological
nontrivial character of the investigated surface state. Fig.
S2a shows the calculated band structure of Ir along [111]
(Γ-Λ-L-direction) [35]. Unlike with noble metals, there
is no band gap along [111] near EF because the red and
the blue band overlap energetically in some part of the
Λ-direction. As the present surface state is situated be-
tween the red and the blue band, it is strictly speaking a
surface resonance. The red bulk band is of Λ36 symmetry
(subscript for double-group, superscript for single-group
notation) and extends up to EF and above. The blue
bulk band is a Λ16 band with the noted energetical over-
lap with the Λ36 band in the range around 1 eV bind-
ing energy. These bands have opposite parities at the L
point, L16− and L
2
′
6+, respectively. From the band struc-
ture it appears thus that the surface state couples at L
bulk states of odd parity and even parity which renders
it odd, rather similar to the situation after band inver-
sion in HgTe quantum wells creating a topological state
as well [36].
In Fig. S3a-b we show the criterion for topological pro-
tection of the surface state. Between two time-reversal
invariant points of the surface Brillouin zone, i. e., here
the two-dimensional Γ and M points, the topological sur-
face state must cross only an odd number of times an
arbitrary line between the upper and lower bulk bands.
This criterion replaces that for topological insulators with
an absolute band gap at EF (Fig. S3a). Fig. S3b shows
three different choices for such line proving that it cuts
the surface state only an odd number of times.
Topological nontrivial character of the surface
state - experimental support
Fig. 3a-c of the manuscript has shown that the surface
state consists of entangled bands that cross at k‖=0. This
is very different from the finding of two parallel disper-
sions in Ref. 26. A possible reason could be a slight mis-
Figure S1. Effects of the moire´-type superstructure of
graphene/Ir(111) in (a) STM and (b,c) ARPES.
7Figure S2. (a) Calculated Ir bulk bands along [111] [35]. The surface state is situated in between the red and the blue band.
(b-d) Photon-energy and, hence, k⊥ dependence of the topological surface state and the adjacent bulk bands.
alignment away from k‖=0 in Ref. 26 because this would
automatically lead to the disappearance of the crossing
point.
Fig. S2b-d [37] shows that the surface state does not
change when the photon energy is varied from 35 eV over
55 eV to 75 eV which changes the electron wave vector
component perpendicular to the surface, k⊥. This proves
its two-dimensional character.
Other bands in Fig. S2b-d do, however, change
strongly and are, therefore, derived from the three-
dimensional bulk. In Fig. S2b we see that the inner
cone of the surface state connects for negative k‖ to a
Figure S3. Comparison of (a) the topological insulator and
(b) the present case of a topological metal. (1), (2), and (3)
denote three different choices for connecting time-reversal
invariant points Γ and M between the confining bulk bands.
bulk band which reaches normal emission and thus the
Γ-Λ-L line at 1.0-1.5 eV binding energy. From Fig. S2a
we identify this bulk band as the lower Λ16 band (blue)
which connects to the L16− point of odd parity. Fig. S2c
shows how at 55 eV the surface state connects for positive
k‖ to a bulk band which disperses upwards and crosses
EF . There are few bulk bands which cross EF [35]. The
lower Λ16 band does not cross EF but the upper Λ
3
6 band
does so. So, even though the band in Fig. S2c is not
sampled along the Λ line, it is most likely that it is con-
nected to this band. Fig. S2c also shows how the surface
state connects to the lower bulk band (blue) at this higher
photon energy and different value of k⊥ dispersing differ-
ently with k‖. Finally, Fig. S2d shows in the same data
set that the surface state connects with its outer cone
(for positive k‖) to the upper bulk band (red) and with
its inner cone (for negative k‖) to the lower bulk band
(blue).
Fig. S3 shows the relation of the present topological
surface state on a metal to that on a topological insulator
with absolute band gap. The surface state on a topologi-
cal metal has at first been noted for Sb(111) [31]. For the
topological insulator, an odd number of crossings of the
Fermi energy between two time-reversal invariant points
of the surface Brillouin zone is the necessary criterion.
This means for the topological metal that any line con-
necting two time-reversal invariant points, here Γ and M,
inside of the gap between the upper and lower bulk band
must be crossed an odd number of times. This is shown
8Figure S4. (a) Sketch of the present Rashba-split topological surface state. (b) Constant-energy surface with directions of
momentum (blue) and spin (red). (c) An external electric field leads to a spin tilting and spin current in the perpendicular
in-plane direction, according to Ref. [4].
for three examples (1) through (3) in Fig. S3b.
Principle of devices
The device for creation of a spin current from a
Rashba-split electronic structure is based on the intrin-
sic spin Hall effect. It is different from the historically
older extrinsic spin Hall effect which is due to scattering
from impurities [38]. The generation of spin currents does
not require the band gap of a semiconductor. The gen-
eration and, not less difficult, the measurement of spin
currents has made impressive progress in recent years.
Currently, the spin Hall effect and inverse spin Hall ef-
fect have evolved into the most important processes for
generation and measurement, respectively. The spin Hall
effect has been proven at first for semiconductors [39] and
for a two-dimensional electron gas [40-42]. However, the
size of the effect in metals is much larger. It was shown
that in Pt it is by 4 orders of magnitude larger than in
semiconductors [43], and an FePt/Au device increased
the effect further by another factor of 10 [44].
Fig. S4b shows how a spin current is created by a
charge current in a system with Rashba-type spin-orbit
interaction. The figure shows a sketch of a Rashba-split
system adopted to the present situation from Ref. [4].
Due to the Rashba effect the electron momentum (blue)
is coupled to the spin (red). For the case of circular
constant energy surfaces as seen in the experimental data
in Fig. 3e-h, it is tangential to these constant energy
surfaces and perpendicular to the momentum. Fig. S4b
shows for t=0 the equilibrium situation when the external
electric field is switched on. Fig. S4b shows further how
the constant energy surface has shifted at t0 along kx by
∆kx =
eExt0
~2
. The movement leads in the perpendicular
direction ky to a spin torque which tilts the spins up for
ky >0 and down for ky <0. The contributions from the
Fermi surface lead to a spin current in the y-direction.
The effect of the graphene formation lifts the top of
the surface state from 340 meV to 190 meV (Fig. 3a,b),
so the surface state does not yet cut the Fermi energy.
Alloying with a heavy element to the left of Ir in the
perodic system such as Os for amounts of the order of
20% should move the bulk band edges sufficiently up to
make the surface state partially unoccupied.
The active element of a potential device is the surface
of Ir(111) which can be grown as a thin film. The role of
the graphene is to protect this surface against ambient
atmosphere. This is realistic as we have shown that the
presence of the graphene leaves the Rashba splitting of
the surface state unaffected and this does not change even
after exposure to atmospheric pressure.
Stability of graphene and graphene on metals to
atmosphere
Graphene is stable at atmospheric pressure which is
apparent from most experiments on exfoliated graphene
flakes which are done under ambient conditions. If
graphene would not be stable enough to protect the Ir
surface against reactions with, e. g., oxygen, this would
ultimately change the bulk electronic structure of the Ir
and also remove the surface state. In this sense, the
stability and protection of graphene on transition metal
surfaces is a prerequisite for the present work. While
graphene/Ir has not yet been studied in this respect,
other transition metals have. We have shown early on
that exposure of graphene/Ni(111) does not lead to ox-
idation of the Ni [45,46]. The same system has been
exposed to oxygen at 6×10−6 mbar for 30 min [47],
graphene/Fe/Ni(111) to similar conditions [48]. The sys-
tem graphene/Ru(0001) has been exposed to oxygen par-
tial pressure [49,50] and to atmosphere [50]. Surface elec-
tronic features of the transition metals have not been
studied up to now.
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